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Haptics, or the sense of touch, has played an important role in enhancing the versatility and capabilities
of robots. Tasks involving unstructured or changing environments can significantly benefit from haptic
sensation. The requirements of such sensing systems can be complex, however. Many designers have
succeeded in using the morphological properties of the sensors themselves, such as geometry or material
properties, to replicate or replace the functions of traditional computer control, reducing the burden on
the central controller. This concept is generally referred to as morphological computation or embodied
intelligence in the literature. This review will investigate the role morphological computation has
played in haptic sensing and discuss potential future avenues of research. In the review, the concept of
morphological computation will first be more rigorously defined. This is followed by an investigation
into how nature has solved the problem of touch and a discussion of how such morphological principles
could inspire design of similar systems in robotics. The state of haptic systems for display, sensing
and interaction that utilise morphological computation is then surveyed. Finally, approaches to future
research on morphological computation in haptics are discussed as well as some of the major challenges
in this field.
Keywords: Haptics, Tactile Sensing, Morphological Computation, Biologically-Inspired Robots and
Systems, Soft Materials
1. Introduction
Touch is meaningful. It helps humans intuitively assess characteristics of the surrounding envi-
ronment without looking at them, thus enhancing stability and dexterity of object/tool manip-
ulation, which is considered a crucial factor in human evolution. The human sense of touch can
detect stimuli of various modalities, from roughness to temperature to pain [1,2].
The field of haptics deals with the sensation of touch and feeling in general. This includes both
tactile phenomena, which comprise the interactions at the interface between two objects, and
kinesthetics, which involve the intrinsic forces and positions associated with physically interacting
with other objects. For example, when a human slides their fingertip along a surface, the tactile
sensations are those experienced at the interface with the fingertip, such as pressure, force and
texture. The kinesthetic sensations are those felt in the tendons and muscles that move the
fingertip, such as the effort required to both press and slide the finger against the surface and
the awareness of the pose of the finger. A robotic equivalent can be found in a robotic finger
with a force/pressure sensor mounted at the tip. The tactile signals would be those from the
∗Corresponding author. Email: van-ho@jaist.co.jp
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force/pressure sensor itself and the kinesthetic signals would be those associated with actuator
effort and joint angles.
In robotics, kinesthetic information is typically readily available from joint angle sensors,
such as encoders, or monitoring motor force/torque. Tactile information, however, can be more
difficult to monitor, given that contact can occur anywhere along the body of the robot and
can involve both normal and shear forces of varying temporal frequency. As such, a significant
recent focus has been on developing tactile sensing systems in robotics using various transduction
methods, such as capacitive [11–14], optical [15], piezoelectric [16], resistive [17] and piezoresistive
[18], for converting mechanical signals into electrical signals that could be detected by external
circuits.
1.1 Background
There has been a great deal of research that addresses the development of efficient robotic haptic
systems for better realisation of manipulation, grasp, interaction and so on [3]. Haptic systems
fall into two general categories: sensing and display. Sensing, as is generally known, involves
the measurement of some haptic signal and relaying it to some secondary system for processing.
Display involves using a mechanical device to reproduce haptic signals such that they can be
observed or experienced by a user. This is analogous to how a visual display allows a user to
experience visual signals [4].
Mechanical interactions are one of the richest sources of information available during object
manipulation or haptic interaction in general. Here, haptic interaction is used to encompass
all possible ways in which a robot can affect—or be affected by—an external object which it
is physically touching. Mechanical interactions are defined by phenomena such as stress/strain,
vibration and friction. These stimuli are transferred from the point of physical contact to sensing
elements through a physical medium. As a result, the sense of touch strongly depends on the
morphology (the physical properties and shape) of that intermediate medium and the sensor’s
overall structure. Therefore, awareness of this relationship can facilitate the design of novel
haptic sensing and display systems.
There has been much research that addresses the changing of either structure or mechanical
characteristics in order to realise efficient haptic control interfaces (which include an element
of haptic display) and haptic sensing systems. In spite of this, there has been relatively little
research that explicitly considers morphological computation as a crucial tool in designing novel
haptic systems (see Sections 4-6 for examples). While many concrete ideas on how morphological
computation can facilitate control or locomotion have been examined (such as with passive-
dynamic walkers—see [5–10]), there is less awareness of its use in haptics—especially in tactile
sensing and general haptic interaction.
Furthermore, most recent survey papers have primarily focused on principles of transduction,
electrical designs and data processing methods [3,19–21] rather than explicitly on how morphol-
ogy could be exploited in haptics. Other reviews have examined manipulation in general [22] and
specifically to do with soft robots [23]. Regarding the latter review, Hughes et al. investigated
fabrication, design, sensing and actuation of manipulation systems in soft robotics (meaning
robotic devices fabricated out of passively ‘soft, flexible or compliant materials’ [23]). There,
some attention was given to how a system’s morphology influences performance, but a detailed
examination of the various ways in which this has been achieved in the literature was outside of
the scope of the paper. Moreover, the field of haptics is not limited to object manipulation (as
discussed above), thus warranting further investigation.
1.2 Survey Focus and Organisation
In an effort to look more broadly at haptic systems, this review will examine three primary
areas of research. Firstly, it will investigate how morphological computation has been applied
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to create discrete sensing systems that employ morphological computation in order to enhance
performance. Secondly, the review will survey robotic systems that rely on their morphology to
produce novel behaviours with either reduced supervision from a computer controller or none
at all. Thus, this review posits that the computation is a result of the haptic interaction (both
tactile and kinesthetic) that occurs between the robot and its environment. Finally, the paper will
explore how morphological computation can be used to not only capture haptic information (as
done with sensors) but also reproduce it in haptic display systems. Throughout, this review will
focus in detail on how deliberate selection of the morphology has produced novel or advantageous
properties for the system’s chosen application. This is done with the aim of drawing out design
approaches and techniques that may be generalised to other endeavours in haptic system design.
To illustrate the focus of this review, Figure 1 shows how a typical haptic robotic system (in-
cluding sensing, structure, actuation and display systems for maximum generality) can benefit
from morphological computation. Figure 1 (a) shows a typical robotic system with haptic capa-
bilities, but with no components utilising morphological computation. This same system is then
re-imagined (in an idealised fashion) in Figure 1 (b) with some of the elements designed using
techniques inspired by morphological computation. As can be seen, doing so allows many of the
tasks once performed by the central computer control system to be oﬄoaded to the morphology
of the sensing, structural and display components themselves. This reduces the burden on the
computer controller, allowing it to focus on other, high-level tasks. This review will examine the
components which have been proposed in haptic robotics research that embed some element of
computation in the morphology of the components themselves.
The review will begin by defining the fundamental concepts of morphological computation and
its relationship with the field of robotics and haptics in Section 2. This will serve to introduce
the concepts continually referred to throughout the survey.
As is often the case in engineering, several examples of morphological computation being
utilised to great effect can be found in nature. Therefore, as an introduction to how morphology
can concretely influence the quality of tactile sensation, Section 3 will examine the design of
tactile systems in nature. The morphology of these organs can inspire robotic designs. In contrast
Figure 1. (a) An illustration of how information flows in an example haptic sensing and display system. (b) An idealised
illustration of how embedding certain computational tasks in the morphology of the both the display and sensing components
can oﬄoad some of the computational burden from the central computer control system to the components themselves.
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to the survey in [3], where only humans’ sense of touch was considered, we have extended the
review to a broader range of animals for a more thorough assessment of how nature exploits
morphology in tactile sensation. It is our intention that this will therefore inspire not only
humanoid-inspired robots, but many other types of robotic systems.
With an understanding of how tactile sensing organs function in nature, Section 4 will ex-
amine tactile sensors and sensing systems. Here, the focus will be on how researchers are taking
advantage of morphological computation to create novel devices that rely less on digital signal
processing. This will be split between systems that use passive morphology and active morphol-
ogy. Passive morphology includes properties such as the compliance, geometry or transduction
properties of the materials used. Active morphology looks at how adjusting passive morphology
during operation can advantageously alter the sensor’s performance.
Section 5 will then continue to look at robotic systems, but take a broader view and look
at general haptic interactions. In contrast with the previous section that looked at sensing, the
morphology of these designs enable them to independently adjust themselves without sending
feedback to a central controller. This section will summarise how morphological computation can
allow robots to perform novel tasks during interactions between the robot and its environment
that are simultaneously kinesthetic and tactile. This section will not be limited to soft-robotic
systems but will also include more ‘traditional’ rigid systems (see for example Sections 5.1 and
5.2).
Section 6 will briefly look at how researchers are using similar morphological computation
techniques to reproduce tactile and kinesthetic information for humans in haptic displays. This
is included to introduce how researchers are designing morphology to efficiently reproduce haptic
information captured by robotic haptic sensing systems.
Finally, Section 7 discusses possible directions for future research and proposes methods and
tools for generating advanced haptic systems based on morphological computation.
2. Defining Morphological Computation in Haptic Interaction
The notion of morphological computation, used synonymously here with embodied intelligence,
has been widely used recently [24] but its definition remains relatively obscure. Morphology
can be considered as a combination between mechanical and geometrical characteristics. The
computational element enters into it when these characteristics are utilised—either passively or
actively—to generate desired behaviours in response to certain stimuli.
Generally speaking, then, morphological computation in haptics can be defined as any method
or system that—either indirectly or directly—utilises the mechanical or geometrical character-
istics of its own body to facilitate perception, locomotion and intelligence. This is also known
as ‘oﬄoading computation from the brain to body’[24]. This concept is relatively familiar in
the fields of biology and embodied intelligence, where it has been shown that some biological
bodies behave ‘intelligently’ without supervision from the central nervous system (see Section
3). Using a similar approach in the design of robotic systems could equivalently reduce the com-
putational burden on the central control system by distributing different functions in the sensing
and actuating structures themselves.
An example of such a system can be found in soft robotic manipulators, as defined in Section
1. Such systems utilise morphological computation to facilitate control and perception without
the need for a traditional controller [24]. Here, a soft manipulator’s tendency to naturally deform
in response to external forces will enable it to perform two functions. Firstly, it can passively
conform its shape to that of an object in its path, thus removing the need to carefully control
the system to both detect and avoid the obstacle (as also illustrated in Figure 1 (a)). Secondly,
the shape and severity of the manipulator’s deformation due to an external force is related to
the nature of the force causing it, thus allowing the force to be measured (in theory). Hence,
the soft structure can perform as both a controller in the first case and a kind of sensor in the
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second case.
To understand how the morphology of the soft manipulator in this example performs compu-
tation, it is useful to consider what would ordinarily be required of a classical, serial-link robotic
manipulator to perform the same obstacle detection and avoidance. Firstly, the system would
need to detect the obstacle using some set of sensors and compute the proximity of the object
relative to some point(s) on the robot’s structure (determining which point(s) is, in itself, also a
computation). Secondly, it would need to compute what values of its kinematic variables would
result in a pose which would allow it to avoid the obstacle. All of these tasks are achieved through
some fusion of sensor information and prior knowledge/assumptions regarding the robot’s shape
which are built into computer software which calculates what parameters to use. In the case of
the soft manipulator, all of these tasks occur as part of the system’s intrinsic reaction when com-
ing into contact with the object. In other words, since the morphology of the soft manipulator
effectively produces the same results as a software computation, it is said that the morphology
is performing the computation.
One consequence of this definition is that all elastic materials perform computation when
deformed. While this may seem difficult to accept, we argue that this is no more problematic
than the notion that a single transistor performs computation. In both cases, it is argued that
the context and arrangement of these simple elements gives rise to the notion of computation.
Hence, we recognise computation based on the behaviour of the system we observe. Therefore, if
it is accepted that the classical manipulator’s software performs computation, then since similar
behaviour is observed in the soft manipulator, then the morphology is said to perform a similar
role to that of the software and thus performs computation.
This example illustrates how adept selection of morphology (in this case, a soft structure) can
decrease the complexity of a system by imbuing it with the ability to produce certain behaviours
without the influence of an external controller. Here, this system’s morphology is said to per-
form computation because it duplicates functions of complex control, such as obstacle detection,
avoidance and surface following, which is traditionally accomplished using a computer/control
software. In other words, while the commands given to the manipulator actuators do not nec-
essarily change, the body of the manipulator is rearranging itself in response to coming into
contact with the obstacle, thus performing actions which are equivalent to sensing and kine-
matics. It is therefore said that the ‘control’ which generates such behaviour (which is a form
of computation) is ‘embedded’ in the morphology of the device itself and thus determines the
behaviours/operations of the entire system.
Hence in general haptic interactions, a system performs morphological computation when, as
a result of coming into contact with an object or the environment, the system uses its own mor-
phology, the morphology of the environment/object or both in order to enhance perception or
facilitate the task being performed. Particularly, this paper will explore how the morphology of
a system can be designed to act as a mechanical computer and used to filter, amplify and gener-
ally condition signals or stimuli resulting from haptic interactions. This can produce significant
quantities of high quality sensory information and thus facilitate the system’s general perception
of the environment. Much of the research presented here currently uses this design principle to
perform only one of these functions (such as amplification, for example—see [13,14] and section
4.1.2). As more of such elements are coupled together in future designs (as was originally done
in digital computing) there is potential to create full, morphological computing systems with
several applications in haptic robotic applications, which are explored here.
A significant proportion of the haptic systems reviewed here have either entirely or partially
soft structures. This is a natural consequence of the topic of morphological computation, rather
than a deliberate focus on part of the authors. Rigid sensing systems or structures are—by
definition—static. Therefore, rigid systems will produce little if no change in response to ex-
ternal stimuli and rarely (but not always) exhibit properties associated with morphological
computation. On the other hand, it is not always the compliance of a structure that gives rise to
morphological computation. Properties such as geometry (Sections 3.1, 3.2, 4.1.2), transduction
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Figure 2. How wrinkled morphology relates to tactile perception. In tactile exploration, human skin and soft tissue act to
mechanically ‘filter’ external excitations (such as texture, friction, and so on) before they are transmitted to mechanore-
ceptors. The response of these receptors is directly related to the perception humans have of the tactile stimulus. Thus,
when wrinkle patterns form on the fingertip, the mechanical characteristics of this filter vary. The received response at
mechanoreceptors therefore also varies, resulting in different tactile perceptions. Note that the wrinkle morphology is in
addition to the morphology of fingerprints.
method (Section 4.1.3) and even environmental interactions themselves (Section 5.3) can be used
to produce morphological computation in haptic systems.
3. Morphological Computation and Tactile Sensation in Nature
3.1 Human Wrinkled Fingers
The human sense of touch, including its underlying anatomy, has been long researched by scien-
tists and psychophysicists. Humans’ cutaneous sense of touch is characterised by a large number
of mechanoreceptors situated at different depths underneath the outer-most layer of skin (ep-
ithelium). Stimuli originating at the contact interface between the skin and objects are trans-
ferred through skin and sub-skin organs to the location of these receptors. The spatio-temporal
stress/strain caused by skin deformation stimulates these receptors, resulting in neural signals
that define the perception of stimuli at the brain [1,38,39]. These receptors are mainly categorised
into two types: fast-adapting (FA) receptors and slow-adapting (SA) receptors. FA receptors re-
spond best to high frequency signals while SA receptors are more sensitive to stimuli that change
slowly over time. These two types of receptors allow the sensation of touch to respond suitably
to a wide range of input stimuli, such as contact location, vibration, slippage, and so on.
These perceptual abilities remarkably benefit humans when interacting with objects, such as
grasping or manipulating them. As a result, there is also a great deal of research in the fabrica-
tion of tactile systems that mimic the same multi-modalities of human tactile perception. This
would allow robots to efficiently process and recognise physical interactions with the outside
world [3]. Most of this research attempts to replicate the systems found in humans. One ap-
proach is to fabricate sensing systems that have a similar spatial distribution of sensing elements
to the mechanoreceptors found in humans [26]. Another approach involves large data process-
ing/computation methods [29–33] which are analogous to human neural signal transmission.
In terms of using soft structures to perform morphological computation, one widely-known
phenomenon that is considered to significantly affect sensing are the epidermal ridges (or pap-
illary ridges) distributed on human skin [40]. In fact, there is a phenomenon that relates to an
active morphological change in humans’ tactile perception that has not been investigated thor-
oughly. Water-induced wrinkles on humans’ fingers which appear after soaking in water is an
example on how humans’ soft skin changes its morphology in response to a change in environ-
mental stimuli. These wrinkles reflect unbalanced strain in dermal layers [41], with the wrinkle
pattern depending on the multilayered structure’s geometrical and mechanical characteristics.
With regard to morphological computation, wrinkles cause a significant change in the skin’s
structure and the tribological interaction between wrinkled fingers and their environment. There
is a hypothesis in biology that wrinkles may improve manipulation of wet or submerged objects
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[42]. These authors claimed that wrinkles acted similarly to rain treads on car tyres, draining
water away from the interface between the fingers of primates and objects they hold, thus
increasing the success of manipulation. The fact that wet-induced wrinkles only appear at contact
surfaces such as toes or fingers, where the locomotion or manipulation actions dominate [43]
further supports this theory. Authors in [44] conducted psychophysical tests in which participants
manipulated both dry, wet and submerged objects under two conditions: with and without
wrinkled fingers. The time taken to transfer an object from one point to another while having
to pass the object through a hole was measured. According to the paper, the results indicated
that the transfer time of wet objects with wrinkled fingers was faster than without wrinkled
fingers by 12 %. In contrast, there was little difference in the manipulation of dry objects with
or without wrinkled fingers.
Even though the underlying mechanism is unclear, it is predicted that the morphological
change induced by wrinkled fingertips improves tribological contact conditions [45] and tactile
sensation in wet environments. Thus, it is feasible to assume that wrinkles vary the temporo-
spatial responses of these mechanoreceptors and affect tactile perception (Figure 2). Therefore,
skin (including epidermis, dermis, and soft tissue) can be said to act as a filter in transferring
external stimuli to mechanoreceptors. This was investigated using a a bio-inspired sensor in [46–
48] where it was shown that the presence of wrinkles improved the system’s ability to detect high
spatial frequency stimuli and slipping. Hence, this morphological change also improves sensing
under wet (i.e. slippery) conditions. This conclusion may facilitate development of robotic active
tactile sensing systems (see section 4.2 and 5.2) that can reproduce such a change in morphology
to perform different sensing and manipulation tasks in varied environments without the presence
of an external controller.
This concept differentiates itself from existing work that deals with active tactile perception
[29–33], which relays individual tactile readings to a central controller which then computes
how to reposition/reorient the sensor for the next reading in order to increase a classifier’s
confidence in identifying an object/surface. The active sensing systems suggested here refer to
a physical sensor that, due to its specific morphological properties, will self-reconfigure in order
to optimise performance in some task without the need for an external controller. This is akin
to how humans do not choose to wrinkle their fingertips. Rather, these wrinkles are a result of
the skin’s specific morphology reacting to external stimuli and altering its properties in order to
improve performance in a task. Early work done on ‘active sensing’ [27,28] had similar objectives
to adapt how a tactile signal was processed in real time based on the nature of the signal. This,
however, relied on a separate electrical or computational controller. Instead, here, the notion
of active tactile sensing systems with respect to morphological computation have the ability to
adapt to varying signals as an intrinsic property of the materials used in the sensor’s structure.
Research into replicating such functionality is still at an early stage and is discussed in more
detail in Section 7.1.
3.2 Crocodillian Bumps for Hypersensitive Touch
Research into the sense of touch should not be limited to humans. In fact, some animals have
surprisingly acute tactile perception with interesting structures/morphology that could inspire
robotic research. While the human sense of touch is geared towards object grasping and manip-
ulation, some animals have to heavily rely on tactile perception for localisation, sensing move-
ment, warning of danger or communication. In this section, an example of how the morphology
of crocodile skin benefits their acute sense of touch is introduced.
The armoured skin of crocodillia appears to be tough, rough and meant for protection rather
than tactile perception. Surprisingly, authors in [49] discovered that the distribution of ‘dome
pressure receptors’—known as as ISOs (integumentary sensory organ)[50]—affords the species a
tactile perception which is more sensitive than that of humans.
Figure 3 illustrates the morphology and distribution of mechanoreceptors inside the ISOs on
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Figure 3. (A) A false-colour image showing the distribution of dome-structured ISOs on the jaw of the crocodiles. (B) A
high magnification image of a single crocodillian ISO. (C) Illustration showing the distribution of the mechanoreceptors
inside a single crocodillian ISO. (reproduced from [49])
the crocodile’s jaw. In this animal, the average distance between adjacent ISOs on the jaw
varies from 0.3 mm to 4.9 mm, with approximately 4200 ISOs distributed over this whole area
[49]. In each dome structure, there is a dense network of mechanoreceptors distributed near the
bottom layer of the animal’s skin in the stratum spinosum (StS)—see Figure 3. Discoid receptors,
characterised by enlarged terminals, are located right beneath the outer-most layer of skin. These
receptors are connected to the Merkel complex, which is a key mechanoreceptor, and a network
of axons. The most receptive nerve endings of the ISOs are located below the apex of the dome,
inside the StS layer, where many axons converge. This morphology can account for the acute
tactile perception of crocodiles, which has been investigated earlier in [51] and recently reported
in [52] as containing ‘touch receptors tuned specifically to pressure and vibration, plus a host of
raw nerve endings’. The dome-like structure, moreover, is considered ideal for channelling any
deformation caused by stimuli toward its geometrical centre, regardless of the direction of the
stimuli. It is no coincidence, then, that the Merkel complex is located at this geometrical centre,
as this maximises the range of stimuli to which it is exposed.
In order to investigate the responsive field of these ISOs, authors in [49] conducted thorough
experiments on a large sample of Nile crocodiles. Here, the mechano-sensory thresholds were
recorded using standard instruments known as von Frey hairs [see 53]. The lowest thresholds
were found in ISOs around the front tip of the jaw, surrounding the teeth. Here, a single ISO
was responsive to a 0.078 mN indention force which is much lower than that of humans [54]. In
addition, regarding the response of rapid adapting receptors, experiments revealed that RA units
could respond to frequencies over 350 Hz. This extreme sensitivity, a product of the specialised
morphology of ISOs and the distribution of internal mechanoreceptors, was said to help crocodiles
localise objects underwater, such as prey or potential predators [52]. Other hypotheses considered
crocodilian ISOs as pressure receptors (osmoreceptors) [55]. The morphology of these ISO dome
structures in crocodillian tactile organs maximises the available information which can be inferred
from a single stimuli. This can give hints for designing equally effective passive tactile sensor
structures.
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Figure 4. Tactile hairs (vibrissae) on the face of manatees and the anatomy of the capsule-like tissue with a distribution
of mechanoreceptors (reproduced from [56]).
3.3 Tactile Hairs
Some animals rely on tactile perception to compensate for reduced visibility, particularly in
aquatic environments. For example, manatees are almost blind but possess highly receptive sen-
sory fields for navigation and detection of prey underwater [56]. Manatees’ detection of mechano-
sensory stimuli is reported to be due to the morphology of vibrissae, or tactile hairs, distributed
all over their body. According to authors in [57], manatees have a large portion of their vibrissae
distributed around their face (about 2000) compared to their entire body (about 5300). This is
different to most other mammals, which only have vibrissae on face (rats’ whiskers, for exam-
ple). Differing from the structure of ordinary hair, follicles that are accompanied with vibrissae
have ‘blood sinus, dense connective tissue capsule, and variety of mechanoreceptors’, known as
follicle-sinus complexes (FSCs) [56]. The tissues of FSCs, buried underneath the skin, have a
noticeable capsule-like shape which can accommodate a wide range of nerve endings [58]. This
includes Merkel endings, novel trabecular endings and tangential endings, all of which have low
mechano-sensory thresholds. This results in highly a sensitive and large receptive field on the
manatee’s face (Figure 4). Thanks to the dense population of Merkel endings inside FSCs, it is
hypothesised that manatees are able to detect the direction of follicle deflection [56], a perception
of which human hairy cutaneous skin is incapable.
The vibrissae on the face of manatees have the highest density of axons with a total of 100,000
axons innervating all accommodated FSCs, making them extremely sensitive. Additionally, the
posture of vibrissae is actually actively controlled by facial muscles around the mouth [59].
When approaching an object, manatees attempt to change the shape of the their mouth so that
vibrissae extend outward, like a physical array of antennae for tactile investigation/exploration.
Interestingly, bristles around the mouth are utilised for grasping and manipulating objects that
are ingested orally, known as oripulation. As a result, given the density of mechanoreceptors and
nerve endings, by changing the posture (i.e. the morphology) of vibrissae, both tactile exploration
and oripulation abilities are enhanced simultaneously.
3.4 The Star-Nose as a Tactile Organ
The star-nosed mole is a mostly blind animal that uses its ultra-sensitive snout to ‘see’ the
surrounding environment and search for prey [60]. Each snout has 22 tentacles (or rays) that
are sensitive to touch and can hunt or grab prey such as insects or worms. These tentacles,
therefore, have similar functionality with manatees’ vibrissae. While manatees receive tactile
stimuli indirectly via the movements of vibrissae, the star-nosed mole’s tentacles possess an
ultra-high density of mechanoreceptors distributed under its skin which are directly stimulated
by the environment. Authors in [61] have examined how these animals use their nose and found
that the surface of each tentacle is covered in dome-like structures known as Eimer’s organs.
The Eimer’s organs, illustrated in Figure 5, have a column of central free nerve endings (CF)
9
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Figure 5. Star-nosed moles with rays covered by 30,000 domed Eimer’s organs (reproduced from [60]).
starting just beneath the outer-most layer of skin. Distributed around this column are finer
peripheral axons (PF). It also contains classical mechanoreceptors such as a Merkel cells (MC)
and Pacinian corpuscles (PC). This organ’s structure results in high stimulation of nerves from
external stimuli and creates a highly receptive and sensitive organ.
There are a total of 30,000 domed Eimer’s organs on the snout of the star-nosed mole compared
to only 17,000 touch fibres distributed over the entire human body. In addition, there are more
than 100,000 axons distributed on a 1 cm diameter area of the snout, making this snout one
of the most sensitive tactile organs among animals. Similarly to manatees, the star-nosed mole
can actively move their tentacled snout, especially the two rays at the bottom-centre of the star
toward an object of interest in order to accomplish tactile exploration. As a result, in order to
attain a hypersensitive tactile perception, animals like manatees and star-nosed moles not only
need to possess tactile organs with special morphological properties—such as high densities of
nerve endings and mechanoreceptors—but active tactile organs. This, as a result, allows them to
rely on their sense of touch to perform complex tasks where humans would rely on their visual
sense.
As the result of evolution, many animals have developed a renowned sense of touch with
remarkable sensitivity compared to that of humans. Examples given in this section are just a
few typical creatures that possess tactile organs with special morphology. For example, ‘touch
spots’ found in frog skin also possess low mechano-sensory thresholds (i.e., a high receptive field).
These were physiologically characterised in [62]. Authors in [63] found morphological protruding
centres in some snakes’ cutaneous sensing organ. The nature of these tactile organs could bring
great hints for development of tactile devices in robotics research.
4. Tactile Sensing and the Role of Morphology
In sensor design, selection of appropriate morphological properties is not a new idea. Designing
the morphological aspects of the sensor such that the appropriate sensitivity and range are
achieved is common place in many applications. For example, a common force sensing technique,
a cornerstone of haptics, involves a strain gauge measuring the strain of a beam. The dimensions
and elastic properties of that beam determine the range of forces and sensitivity of the force
sensor. Thus, depending on the desired properties of the sensor being designed, engineers will
choose the beam material and its geometry in order to create a sensor which will provide sufficient
accuracy and resolution. This is the most basic example of how morphology influences sensor
performance.
Tactile interactions tend to be more complex than simple force measurement, as interacting
with other surfaces (i.e. the act of measuring them) may change the surfaces’ properties. Addi-
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Figure 6. Magnetic sensor relying on the deformation of a soft medium to infer applied force (reproduced from [66])
tionally, there is a large range of information types (texture, friction etc.) that are desirable to
measure, further complicating the task. Therefore, more is demanded of sensors that measure
tactile information. As a result, many tactile sensor designs need not only consider how their
morphology will influence the sensor’s properties, but also consider how those properties will
influence the surface being measured. Given the computational difficulty associated with com-
pensating for this using a traditional controller, morphological computation offers a technique
to allow the components themselves to compensate for this complex interaction, thus offering
advantages over traditional sensor design approaches. In this section, the computation exhibited
by the designs examined will generally be to either amplify, differentiate, sum/integrate or filter
a signal. While these are not particularly complex computations, they are essential. Furthermore,
the complexity of even the most intricate computing systems generally emerges as a result of the
interconnections between many simple elements. Hence, the works discussed here can be viewed
as small elements of what could be larger morphological computational systems (see Section 7
for a more detailed discussed on this topic).
This section will provide an overview of how morphological computation is achieved in tactile
sensing. This can be split into two main groups:
• Passive morphology, which cannot be altered actively. This is separated into three subcat-
egories: compliance-based, geometry-based and transduction-based designs.
• Active morphology, which allows for the morphology to be actively changed in order to
alter the properties of the sensor at will.
Then, an overview of how some designs have utilised novel geometries to enhance the capa-
bilities of their tactile sensors will be provided. Finally, the paper will describe designs which
exploit the intrinsic transduction methods of a given materials to measure different types of
tactile stimuli.
4.1 Passive Morphology
4.1.1 Compliance-Based designs
Many tactile sensors rely on the compliance of some intermediate material between the sensing
element and the target surface in order to extract information. An early idea of utilising the
compliance of a tactile sensing element was introduced in a paper by Clark [64]. Here, he discusses
so-called compliance matching, wherein a compliant structure is situated between the sensing
element, assumed rigid, and external forces. By sensing the shape of this compliant medium,
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high resolution sensors may be used to infer the forces acting on that medium.
This idea has since been employed in designs using various transduction methods. Tactile
sensors that rely on the compliance of an intermediary medium have been developed using
various sensing methods such as magnetic [65–68], ultrasonic [69], capacitive [11], fluidic [70–72],
piezoelectric and piezoresistive [73] and optical [74,75] methods. These all endeavour to measure
applied forces by measuring the deformation of the compliant medium, similarly to Clark’s initial
concept. In all cases, material compliances such as the Young’s modulus or Shore hardness
contribute directly to the sensor’s performance. As with the example given at the beginning
of this section, the natural tendency for the soft material to deform in some predictable way
allows the sensor to estimate the contact forces. This in itself is not new, but all of the examples
above are notable for taking the fullest advantage of their compliant structure to achieve good
resolution and accuracy in a relatively small package. The sensor in [75], for example, is smaller
than a human finger-tip and has 9 discrete sensing points and was intended to provide minimally
invasive surgical robots tactile feedback (see Section 6). Generally speaking in these designs,
stiffer materials will be more sensitive to higher frequency input stimuli, while softer materials
are more sensitive to low-magnitude and low frequency stimuli. Hence, these materials perform
the same computation as a electrical or digital filter.
4.1.2 Geometry-Based designs
A number of designs continue to rely on a compliant intermediary medium, but focus more
on finding optimum geometries to facilitate measurement. Further to relying on correct material
stiffness selection, the design in [75] uses channels of reducing cross-sectional area to amplify
displacement of a compliant medium as it is pressed through the channels by an external force.
Micro-pillars of increased rigidity have been embedded in compliant/viscous media in order to
enhance sensor sensitivity by transmitting forces to the sensing element more effectively [76–78].
This is due to the micro-pillars acting as lever arms and amplifying the moment/forces seen
at the sensing element. Some designs have realised this as small, bump or hair-like structures
on the surface of the sensor to enhance sensitivity to small texture changes [80,83]. Authors
in [83] built a sensor which could read Braille characters, neatly demonstrating the wealth of
information available to robots through tactile interactions in general. Thus, the computation
performed here is equivalent to that of an amplifier. Furthermore, as discussed in Section 3.1,
this emphasises how adept choice of morphology can create high-performing sensors in small
packages.
The use of compliant hemispheres is also popular due to their mathematically predictable
deformation [79–82] and, as found in the ISOs of crocodiles (see Section 3.2) their ability to
channel the effect of deformation to a central point, regardless of the direction of the stimulus.
In terms of the computation being performed, this would be equivalent to summing or integrating
a signal over an area. This is particularly useful for detecting both normal and shear forces [81].
These forces are critical when performing grasping as they will allow the robot to estimate
the object’s weight from the shear measurement while regulating the normal force applied by
the gripper. Furthermore, this well defined geometry allows a variety of surface features to be
discerned, such as sharp edges or other geometrical features [79,80]. Liu et al. [82] used soft,
rubber robotic fingertips in the shape of an ellipsoid to extract the locations, directions and
magnitudes of a contact force using a single 6-axis force/torque sensor. As was seen in Section
3.2, the dome-like/ellipsoid geometry of the soft fingertips maximised the amount of information
attainable from measurements taken at a single point. This was in turn used to automatically
follow the surface of an unknown object and extract tactile information such as the surface
friction coefficient and object geometry.
Structural asymmetry was utilised in [12] to reduce the error in angular deformation detection
in a capacitive tactile sensing array. The built-in asymmetry reduced the impact of electrode
misalignment induced either during fabrication or during operation. Sensitivity of such capacitive
arrays was improved significantly through the fabrication of micro-structured dielectric materials
in [13] and [14] (see Figure 7). The work in [14] employed a two part geometrical design. Here,
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Figure 7. Microstructured geometry able to greatly enhance the sensitivity of capacitive sensors. Left: The mould which
was used to cast the flexible dielectric material used in the capacitive sensor. Right: The smaller structures situated on top
of the larger conical structures. (reproduced from [14]).
conical structures of a height of 800µm were combined with even smaller cones of a height of
100µm, situated on top of the larger structures (see Figure 7, right). The combination of features
of different scales meant that for small forces, most of the change in sensor output would be
due to deformation of the small features and be highly sensitive; for larger forces, the effect of
the small structures deforming would be insignificant compared to that of the large structures.
As a result, this combination of feature geometries allowed for very high resolution for forces
under 1 N while simultaneously allowing a large range of measurement up to 15 N (albeit at
lower resolution). Here, the asymmetry is acting simultaneously as an amplifier and a filter.
Furthermore, this structure adaptively adjusts itself to optimise its performance based on the
nature of the input.
4.1.3 Transduction-Based Designs
Some methods of transduction are better suited to specific types of stimuli, whether that be
high or low frequency or only sensing the rate of change of an input as opposed to its magnitude.
This echos the presence of SA and RA receptors found in many biological tactile systems, as
discussed in Section 3. Researchers have attempted to mix multiple transducer types in a single
sensor in order to capture several aspects of a signal.
A combination of piezoelectric elements and strain gauges were used in [84–87] in order to
facilitate secure grasping (see Figure 8). The strain gauges were primarily used to measure
the normal forces exerted by the grasper, while piezoelectric polyvinylidene fluoride (PVDF)
elements were able to detect high frequency signals produced by objects slipping. The technique
was applied in order to allow the gripper to grasp objects while their weight was changing. As
the object increased in weight, the ability to detect the instantaneous slipping of the object (a
high frequency stimuli) was primarily due to the PVDF elements. Grasping strength would then
be increased in order to prevent the object from falling, where the strain gauges would primarily
detect the overall change in stress (which was proportional to grip strength). Hence, the two
transduction techniques were akin to the two types of mechanoreceptors discussed in Sections
3.1 and 3.2.
A similar approach, where different transduction elements were used to measure signals in
different frequencies was developed in [88] in order to sense different flow regimes in water. This
took direct inspiration from the SA and RA receptors found in crocodiles discussed in Section
3.2 and was capable of detecting different flow regimes. Piezoelectric elements were again used
to sense rapidly changing signals but instead of strain gauges, piezoresistive elements were used
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Figure 8. Fingertip sensor using a combination of strain gauges and PVDF elements (reproduced from [86]).
to detect steadier signals.
In summary, each transduction method can be associated with a specific type of filter, such as
a band-, low- or high-pass filter. In some cases, it could be argued that differentiation is being
performed by some of the transducers, such as the PVDF elements in [84–87].
4.2 Active Morphology
Actively changing sensor morphology in order to adapt to different stimuli is a relatively new
concept. It does, however, tend to involve a significantly more complex design. While the design
process may be more demanding, the expanded capabilities of such a sensor can be argued to
justify this added complexity.
Work in [89] demonstrates a system which could theoretically sense both the stiffness and
temperature of a target object. This uses familiar sensing techniques—such as measuring the
deflection of a beam—in order to estimate the force exerted on the target object. The novelty here
was that the system would automatically manufacture the beam in-situ. The beam, consisting of
hot melt adhesive, was extruded on demand from a device mounted on the end of a robotic arm.
The robotic arm then brought the beam into contact with a target object and the deflection
of the beam was measured with a computer vision system. This was then used to estimate the
contact force. The dimensions of the beam could potentially be changed on the fly in order
to adjust the sensitivity and range of the system, thus allowing users to fabricate a sensor to
fit a much wider range of sensing tasks. The interesting idea here is the concept of a kind of
self-reconfiguring system which, by some adaptation algorithm, could change the shape of its
sensing element (the beam) and thus alter the properties of the sensor.
This concept of active morphology was refined in [46–48] where an analogue of a human
fingertip was fabricated. Inspired by how human fingers become wrinkled when exposed to
water (see Section 3.1 and Figure 9), the texture of the sensor’s ‘skin’ could be changed at will
from relatively smooth to an undulating texture. The design used embedded strain-gauges in a
soft material. Chambers situated underneath the strain gauges were inflated with air, causing
parts of the sensing surface to bulge. Thus, artificial wrinkles were created in the sensor’s skin.
Experiments showed that the sensor was significantly more sensitive to dynamic sliding actions
with high frequency components. Hence, it was possible to alter the sensor’s frequency response at
will in order to improve the output to a specific stimuli, demonstrating the notion of morphology
acting as a filter as discussed in 3.1.
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5. Haptic Interaction and Morphology
Utilising interaction is critical to taking full advantage of haptic information. Section 4 described
how a great deal of information about objects and the environment is available through tactile
sensing. The sensing systems discussed so far, however, need to be mounted to some robotic
device which actually brings the sensors into contact with the environment in the first place.
Furthermore, information from this sensor must still be processed by some central computer
controller in order to react to the information received. As discussed in Section 3.4, an active
tactile exploration of the environment is key to taking full advantage of the information available
through the general haptic interaction. Hence, creating actuation or general design techniques
which allow robots to interact with their environments in specific ways without the need for
a computer controller is crucial to achieving this. This section will demonstrate how carefully
considering the morphology of a system can imbue robots with the ability to independently
react and adapt to their environment. This adaptation is the result of interacting with the
environment and achieved without discrete sensing or direct computer control. Thus, the familiar
sense-process-react loop used by robots (and animals) is embedded in the robot’s morphology
itself. As a result, this section will not examine integration of sensors with robotic systems, but
rather how systems can be designed from their inception to simultaneously act as both sensor,
structure and actuator.
There are, broadly speaking, three primary types of morphological computation which are
being employed to assist haptic interactions: passive compliance, active compliance and environ-
mental interaction. Interacting with the environment is in some ways a combination of several
other factors—including the previous two categories. It does, however, set itself apart as in
that it involves a deliberate identification and selection of interactions that will facilitate com-
pleting the desired task. Passive and active compliance designs do obviously interact with the
environment, but the works discussing such designs tend to view these interactions as acceptable
rather than intentional. The following sections will expand on these three types of morphological
computation and describe some of the advantages and capabilities of each approach.
5.1 Passive Compliance
A number of reviews have looked at the development of soft robotics in general [91,92] and will
not be examined in detail here. Such soft devices utilise the passive compliance built into their
structures to perform tasks which conventional robots would find challenging or even impossible.
Examples of such tasks include safe human-robot interaction, especially in the medical field
where safety is of paramount concern [91]. Compliance can lead to rapidly adapting systems
that adjust to disturbances without the need for a traditional sensor-controller-motor system
[92]. Hence, in such compliant systems, the interaction itself is directly responsible for altering
the characteristics of the system. Popular examples of such a soft robotic system in can be found
in [93–96] and were discussed in [23], where a soft universal gripper will conform its shape to
an object after being pressed onto it, enabling it to grasp a wide range of objects. Thus, the
adaptation is a direct response of the material to the disturbance from the environment. This
avoids the need for on-line computer computation (as here, this is performed by the morphology)
and creates rapidly adapting mechanisms with complex behaviours [92].
An excellent example of this principle of rapid adaptation was shown in [98] where the ability
of a goat hoof to remain stable in highly treacherous terrain was explored. Here, a passive device
inspired by the structure of goat hoofs was created. It was shown that, with the assistance of
passive springs and specially chosen geometry, the mechanism was able to significantly increase
the energy required to slide the hoof, compared to a simple rounded shaft. Thus, it was shown
that the geometry and compliance of the mechanism improved the grip interaction between the
hoof and the surface, preventing slip. This involved reconfiguration of the whole mechanism
as a result of the surface (i.e. tactile) interaction and is therefore haptic—not only tactile—
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Figure 9. Illustration of how some sensors use similar morphology to that found in nature. (a) - (b) How a human finger tip
changes its geometry in response to becoming wet and the tactile sensor inspired by this change in geometry (reproduced
from [46]). (c) - (d) The mechano-receptors found in crocodiles and the sensors that use different transduction methods in
order to replicate the ability to sense pressure changes at both high and low frequencies (reproduced from [49]). (e) The
tactile hairs found on manatees (reproduced from [56]) and (f) the sensor inspired by this function (reproduced from [97]).
in nature. Friction and slip are inherently difficult phenomena to model [99], so this design
clearly exemplifies the advantages of ‘oﬄoading’ some of the computational burden to passive
components.
5.2 Active Compliance
While compliance can be utilised to rapidly adapt to different environments, this is not always
desirable when the task involves exerting a force on the environment. By design, soft structures
deform rather than transmit force. This is of particular concern in surgical manipulators which,
on the one hand, need to be soft to avoid damaging tissue when accessing the surgical site, but
on the other, need to be stiff enough to make incisions. In response to these contradicting re-
quirements, researchers have examined techniques for actively changing the stiffness of compliant
devices [100].
The most direct approach to actively controlling stiffness relies on using antagonistic actuation,
where two actuation systems exert opposing forces. By choosing the magnitude of each respective
force, the apparent stiffness of the structure or joint can be varied. This technique was employed
in [102] in a continuum manipulator, where tendons driven by DC motors would pull against
a pneumatic actuation system. The system developed in [103] only used tendons acting against
each other and allowed for highly accurate control of the stiffness in all three dimensions and
generalised their approach to any tendon driven system with a flexible backbone.
Controlling stiffness has also been shown to influence the effectiveness of robots performing
haptic tasks such as palpation. This is considered a haptic interaction and not just a tactile
interaction because both the kinesthetic information associated with the material’s stiffness and
the direct pressure/force applied to the sensor must be considered. In Sornkarn et al. [109–111],
using antagonistically actuated stiffness control, it was shown that the accuracy of detecting a
hard nodule embedded in soft tissue (analogous to a tumour) can be optimised with respect to the
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depth of this nodule by varying the stiffness. The timing and degree to which stiffness was altered
was based on an on-line decision-making algorithm employed during palpation. This further
illustrates the importance of designing suitable interaction platforms for haptic sensing systems.
The sensor used in the tests (a 6-axis force/torque sensor) was not altered during the trials,
but the morphology surrounding it changed its ability to detect stimuli. Hence, the interaction
between the soft tissue analogue and the stiffness of the robot demonstrated morphological
computation.
Granular or layer jamming have also been of particular interest to researchers in changing
the stiffness of compliant structures, particularly with continuum manipulators. In general, this
relies on friction between small particles or sub-structures increasing the apparent stiffness of a
manipulator. A jamming robotic hand in [34] utilised granular jamming to change its stiffness
on demand and to facilitate grasping of a wide range of objects. Work in [104] and [105] uses
small, interleaved surfaces to create friction. The surfaces are housed inside of a sealed pressure
chamber with a flexible outer skin. When pressure in these chambers is reduced, the flexible
skin contracts around the interleaved surfaces, causing them to press together and friction to
increase. A similar idea was developed in [106], except here a braided mesh structure was used to
compress the interleaved layers. Structures inspired by fish scales appear in [107] where a series
of small structures are coiled around a soft continuum manipulator. A tendon running through
all of the coiled structures is used to increase contact force between adjacent coil segments, thus
increasing friction and the overall stiffness of the structure.
Zuo et al. [108] developed a novel set of interlocking structures which increased the stiffness in
a similar fashion. This was deployed in a Natural Orifice Endoscopic Surgery (NOTES) device
and proven in an in-vivo pig animal test. The device was guided through a natural orifice in
the flexible mode, thus avoiding damaging surrounding organs. When at the operation site, the
rigid mode was engaged and tools were deployed. The enhanced rigidity allowed the device to
increase its stiffness roughly four-fold [108] and allowed a partial gastrectomy to be performed.
This demonstrates how controlling the stiffness of an instrument can enhance the range of
interactions it is able to perform.
5.3 Interacting with the Environment
Haptics studies how robots and the environment interact, but—for the most part—has tended
to consider the robot as isolated from the environment. Morphological computation changes
this paradigm by coupling the robot and the environment. That is, the robot influences the
environment and vice-versa. While this can be said of all robotic manipulation systems, the
examples explored in this section generally either allow the environment to significantly change
the configuration of the robot itself or use the environmental constraints in a novel way to further
enhance task performance. This also distinguishes itself from control techniques that employ a
model of the environment by primarily relying entirely on the passive properties of the robot’s
morphology rather than a digital/analogue controller. An example of a robot that uses an off-line
model of the environment to determine its control can be found in the bipedal robot developed
in [8,9]. Here, it was found that a parameter of the simple controller used would automatically
converge towards an optimum value as the robot took more steps without the need for any
sensor feedback. In other words, as the robot and environment interacted, the dynamics would
self-adjust to stabilise the system. While this is mainly an achievement in dynamics research,
the principle of a system using the environment to adapt towards some optimal configuration
can be extended to haptics and is certainly worth investigating.
The ability to rapidly adapt to different environments that passively compliant structures
exhibit can be further harnessed to produce even more complex behaviours. These involve delib-
erate and specific interactions with the robot’s environment that allow it to complete tasks more
effectively. In other words, the additional constraints, if used correctly, can assist in performing
an action. As discussed in [90], environmental constraints can be used to guide or shape the ac-
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Figure 10. (a)-(h): Illustrations and photographs of a robot utilising the constraints imposed by the environment to achieve
a more stable grasp (reproduced from [112]). Here, the grasper uses the surface on which the object is resting to guide the
gripper towards a stable grasping configuration. This demonstrates how it is possible to use pre-existing constraints to
simplify the grasping task. (i)-(j):The worm-like robotic endoscope. (i): The locomotion technique utilised by the robotic
endoscope which relies on selectively jamming itself inside of the colon (reproduced from [113]). (j): A fill view of the robotic
endoscope (reproduced from [113]).
tions performed by a grasping robot. This offsets some of the computation needed to compute a
stable grasp and can therefore improve performance of relatively simple graspers. Here, then, the
morphology of the environment, object and robot can be made to interact in order to produce
new, more complex behaviours.
Obstacle interaction is used in [112] to improve grasping stability, albeit with a rigid link ma-
nipulator. Here, the surface on which an object is resting is used to guide the grasping process.
Rather than attempting to compute the most stable grasp oﬄine using only the manipulator,
the contact points already in place due to the environment (i.e. a rod laying on a flat surface—
see Figure 10) are incorporated into the grasping strategy. In many cases, such environmental
contact points are inherently stable as long as the object to be grasped has come to rest and
the environment is stable. It is therefore highly advantageous to take advantage of these stable
constraints as the morphology of the environment serves to naturally guide the grasping pro-
cess. The computational burden is therefore drastically reduced. Essentially, the morphological
computation for this process is shared by the environment and the device itself.
Environmental constraints are exploited in [113] in order to propel a worm-like endoscopic
robot through the human colon, a highly torturous and unstructured environment. The robot
consists of three segments connected in series. The two end segments can contract and bend
in any direction while the middle segment can only contract. The locomotion principle relies
on the fact that the human colon is roughly tubular in structure. Therefore, by sufficiently
bending either of the end segments, they ‘jam’ inside of the colon and create an anchor point.
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Selectively creating anchor points and extending/contracting the middle segment will thus allow
for a locomotion technique shown in Figure 10 (i). By using the environment, the design is
allowed to be simplified as additional systems are not required for turning or orientation of the
end segment. Additionally, each segment is passively compliant and can therefore conform to the
highly irregular shape of the human colon. Thus, the device is highly adaptable to the torturous
path and varying diameter of the human colon without the need for on- or off-line computation
of optimal configurations. Thus, again, much of the ‘computation’ is performed through the
natural interaction between the robot and environment.
Inspired by the techniques found in nature discussed in Section 3.3 and 3.4 (see Figure 9),
a system for navigating an environment with unknown obstacles was proposed in [114], [115].
Here, whiskers were used to sense obstacles and perform navigation. These were mounted on a
mobile robot and it was shown that certain whisker morphologies performed better than others
when tasking the robot to explore an unknown environment and simultaneously avoid obstacles.
Thus, while traditional obstacle avoidance involves sensing obstacles using a variety of means,
such as ultrasound or infra-red sensors, this technique uses a mechanical contact between object
and sensor (i.e. the whisker). Varying the arrangement, stiffness and length of the whiskers
would change the quality of performance in different tasks, such as wall-following or obstacle
avoidance. Thus, the morphology of the whiskers directly affects the behaviour of the robot
similar to how different algorithms would. Both the environment itself and the robot’s whiskers
dictate to a large degree how the robot will behave, thus offsetting the computational burden
from the central controller to these two passive elements.
6. Morphological Computation in Haptic Displays
Haptic displays are considered crucial elements in human-in-the-loop control, such as tele-
operation systems and surgical robots. The robot’s tactile and kinesthetic perceptions must
be vividly and precisely replicated on operator’s side. In this review, we focus on haptic displays
that can actively change their morphology in order to generate haptic sensations through contact
with human fingers.
Morphological computation has benefited haptic devices with flexible structures that can ac-
tively vary their shape in order to transmit various tactile or kinesthetic perceptions such as
contact state, stiffness and texture to human operators. Displaying the stiffness of the touched
object, as well as other mechanical characteristics, has been widely studied recently due to the
emerging need of haptic feedback in surgical tele-manipulators, especially in remote or auto-
matic palpation [116]. In this task, localising a tumour underneath the skin requires a wide
assessment of the surrounding tissue’s stiffness/softness by measuring deformation and pressure
distributions under an indention [117]. Therefore, the haptic sensation of different stiffness levels
should be generated continuously. Authors in [118] proposed the design of a haptic device that
could control its morphology, including mechanical properties (stiffness) and surface geometry
(texture), through a combination of particle jamming and pneumatic actuation. This multi-cell
device was filled with granular material on the ‘skin layer’, while an air chamber was situated
below each cell. When applying a vacuum, each cell’s skin could quickly turn from a soft state
to a rigid state (or jammed state), thus flexibly controlling the stiffness of the device’s surface.
In addition, each cell could be inflated to different heights by applying compressed air into their
respective chambers. The spatial resolution of the haptic display was proportional to the number
of cells. As a result, the morphology of the surface, including its stiffness and shape, was entirely
controlled. The authors also proposed a model for computation of the surface morphology and
demonstrated the accuracy of the device in reproducing the haptic information sent (i.e. that
it was transparent) [119]. Similar work combining jamming and pneumatics for controlling or
simulating tissue palpation was proposed in [36,120]. Another review on changing stiffness of
robotic systems can be found in [121].
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Figure 11. A representative haptic device for displaying tactile features which exploits its morphology to improve perfor-
mance. (A) Haptic Jamming Surface (reproduced from [116]). (B) Granular jamming stiffness feedback actuators (reproduced
from [36]). (C) Array of haptic balloons on display system (reproduced from [123]).
In order to display tissue characteristics such as texture or shape, arrays of balloons have been
often utilised for controlling the morphology of structures [122]. The morphology and perfor-
mance of soft dome arrays, including size, stiffness and resolution, were optimised to conform to
the shape of a finger and generate enough force to replicate cutaneous tactile sensation [123,124].
As a result, differing to conventional rigid tactile displays that commonly use pins [125] or mo-
torised moving surfaces [126], soft tactile displays tend to take advantage of the morphology of
pneumatically-actuated domed or curved structures. As shown in Figure 9, this dome shape re-
sembles the sensing organs of crocodiles and the star-nosed mole as discussed in Sections 3.2 and
3.4 and serves a similar function. That is, in crocodillian ISOs, the compliant dome morphology
acts like a lens that focuses stimuli over a large area (the surface of the dome) onto a smaller area
(the mechanoreceptor) and enables a more diffuse and efficient distribution of these receptors.
In the case of tactile display, the dome structure acts in reverse: the stimulus originates from a
small, discrete area at the centre of the dome (for example, the air inlet tube) and is diffused
across the area of the dome’s surface. This affords the tactile display system a similar advantage
to that of ISOs, as fewer individual points of actuation are required to reproduce a continuous
tactile feature. Furthermore, this selection of morphology in the haptic displays is useful as it is
able to passively conform to the shape of the finger (unlike a rigid design).
7. Discussion
By reviewing the work in the previous sections, it has been the aim of this paper to demonstrate
how morphological computation can be harnessed to great effect in tactile systems and haptics
in general. It is the opinion of the authors, however, that much of the potential of morphological
computational systems—especially in the context of soft robotics and haptics—remains largely
unexplored. In this section, the potential for new haptic systems using morphological compu-
tation will be discussed as well as potential research avenues and design principles for realising
this potential.
7.1 Approaches to New Research
In this work, passive and active morphological systems in haptics have been compared to tradi-
tional analogue/digital control system counterparts. In other words, as discussed in Sections 2
and 3, morphology can act as a filter or, put slightly differently, a computational element. There-
fore, it is reasonable to assume that if a number of these elements are combined in a network,
more complex behaviour could be achieved [127].
In the case where several morphological computing elements are combined, it is convenient to
refer to the system as exhibiting morphological processing. In other words, the system is able to
dynamically adjust its own behaviour in response to a wide range of stimuli without the need for
additional controller supervision. This differs from active morphology in that instead of having an
external controller or operator decide when to change the morphology of the system, for example
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making it stiffer, this ‘decision’ is taken by a secondary morphological element. This secondary
element is designed such that it will send an appropriate signal, causing a change in the primary
element’s morphology. This, for instance, is similar to how humans do not consciously cause
their fingers to wrinkle in water. This occurs due to the interaction of many different elements
with different morphological properties.
A good example of a morphological processing system can be found in [128] where the soft-
body dynamics of an octopus-inspired robotic tentacle were used to embed a kind of passive
closed-loop control. Passive-dynamic walkers [5–10] also show that, by taking full advantage of
a system’s dynamics, complex gait and balancing can be achieved using simple controllers. The
same underlying principle of taking advantage of morphology to create complex behaviour could
be employed in haptics to create novel new systems. This could, for example, involve removing
the need for controller supervision in any of the designs with active morphology mentioned in
Section 4.2. That is, as opposed to requiring an external decision (from an operator or controller),
a separate morphological element could compute the optimum morphological state and induce
this change in the original element.
7.2 Potential Topics of New Research
Conceptually, this concept of complex morphological processing is not too difficult. In practice,
however, it is difficult to realise. An extraordinary demand is placed on the designers’ skill in
materials selection and/or geometrical design. With regard to the materials selection, a possible
approach could include examining materials which exhibit highly novel, non-linear (or downright
strange) properties when exposed to certain stimuli. The authors speculate that these proper-
ties could be harnessed when designing new types of morphological computational element. A
previous review has examined how some materials can be used to alter the stiffness of some
structures [100], all of which are excellent candidates for such research. Furthermore, ref. [101]
examines how soft robotics are being used to realise similar concepts.
In addition to this, there other physical phenomena which may be of interest for future research.
Shear-thickening [129] and shear-thinning [130] fluids respectively increase or decrease their
viscosity in proportion to the rate of shear. As a result, a morphological computation element
could be designed around one of these fluids in order to change its stiffness and damping in
response to different mechanical stimuli. Self-healing materials are able to fuse back together
after breaking [131] and potentially recover properties such as conductivity [132]. Ferro-fluids
are liquids which can be manipulated by magnetic fields [133,134]. Ferro-fluidic concepts already
exist to use these novel properties to perform simple sorting tasks [134]. There are undoubtedly
several other candidates, but those mentioned here are meant to merely illustrate the potential
for new materials with novel properties. What all these materials all have in common is that their
properties naturally change in some (semi) predictable way in response to certain stimuli. Were
these changes in properties harnessed correctly, they could create sensors or robotic systems
whose properties also naturally changed in response to stimuli without the need for controller
supervision. The challenge is, of course, finding the right properties to change and then finding
a material that exhibits such behaviour.
7.3 Research Outlook
While it is possible to identify material candidates for design of a true haptic morphological
processing system, this does not make the actual task of designing the system any easier. In the
field of haptics and morphological computation in general, there is a lack of general theory or
set of best practices to guide such an endeavour. Zahedi et al. [135] tackled this problem using
information theory. While excellent progress was made on quantifying morphological computa-
tion, there is still a gap between the immediate questions designers ask when building a system
and the theoretical framework provided.
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Any attempt at making a morphological processing system is instantly faced with a complex
problem and few mathematical tools. Additionally, the very aspect of these materials which is
so desirable is their inherent non-linearity. As a result, any attempt at defining a mathematical
framework becomes significantly more challenging. Furthermore, when relying so heavily on the
non-linear properties of materials, effects like creep, fatigue and other entropy-related phenomena
may need to be considered, further complicating the issue. Complexity is therefore an inherent
issue in any attempt at advanced morphological computation or processing.
On the other hand, the traditional approach of having a powerful, central control system
that relies on precise models to plan complex actions is equally problematic, especially when
replicating the haptic behaviours that come easily to some animals. In the opinion of the authors,
while individual subsystems become more complex when using morphological computation, the
overall complexity of system as a whole could potentially be reduced. Therefore, we propose
a balanced approach where a certain amount of intelligence is embodied in the morphology
of robots, reducing the need for the central controller supervision. This could potentially lead
to systems which are capable of highly complex behaviours and interactions—thanks to their
morphology—and are able to plan ahead more confidently—thanks to the reduced load on their
controllers.
Morphological computation systems of increasing complexity should therefore be studied. Some
general suggestions have been provided here for potential avenues for future work. Given the
general lack of a guiding framework, however, we believe that there should be a focus on the
production of prototypes. This will generate real data and provide a relatively new field with
much needed practical experience.
8. Conclusion
In summary, this review has examined how the morphologies of some animals’ tactile organs
enable them to accomplish complex tactile tasks and interactions. Similar design principles
have been shown to improve the performance of haptic displays, sensors and robotic systems.
This involves the adept choice of environmental interaction strategies, geometries and material
properties. Active techniques for controlling all of these design aspects can also greatly increase
the range of behaviour a system is able to exhibit. Potential approaches to research have been
suggested, including some non-linear materials which could lead to novel designs. Finally, the
practicality of using morphological computation as a core design principle was considered.
In conclusion, embodying intelligence in passive components used for haptic systems allows
them to passively regulate their own low-level haptic interactions with the environment. As a
result, the computational burden is offset from the central controller, allowing it to focus more
on high-level planning. This could create systems capable of more complex haptic behaviour in
comparison to similar systems that rely on centralised control. Future research could potentially
focus on placing morphological computation elements in a network to create more complex hap-
tic behaviour without the need for controller supervision. While these individual morphological
computation components may be more complex to design, on balance, the overall system ar-
chitecture could potentially be simplified. In the process, it is also likely that a more general
theory of design can be established, which is currently lacking in the context of morphological
computation in haptics, further simplifying the design process. Morphological computation as a
design principle in haptics has the potential to create systems capable of highly complex haptic
interactions and behaviours beyond the reach of the current state of the art.
Acknowledgement
The authors would like to thank the editors and reviewers for their insightful comments during
the preparation of this review.
22
March 21, 2018 output
References
[1] D. J. Linden. Touch: the Science of Hand, Heart, and Mind. Chapter 2, New York: Viking Press;
2015.
[2] M. J. Hertenstein, S. J. Weiss. The Handbook of Touch. New York: Springer Publishing Company;
2011.
[3] R. S. Dahiya, G. Metta, M. Valle, et al. Tactile Sensing-From Humans to Humanoids. IEEE Trans.
Robot. 2010; 26(1).
[4] M. Mihelj, J. Podobnik, Haptics for Virtual Reality and Teleoperation, Springer: Netherlands, pp.35,
2012.
[5] R. Pfeifer, M. Lungarella, and F. Iida, “Self-organization, embodiment, and biologically inspired
robotics.,” Science (New York, NY), vol. 318, no. 5853, pp. 108893, 2007.
[6] F. Iida and R. Pfeifer, “Self-stabilization and behavioral diversity of embodied adaptive locomotion,”
in Embodied artificial intelligence, F. Iida, R. Pfeifer, L. Steels, and Y. Kuniyoshi, Eds. New York:
Springer, 2004, pp. 119129.
[7] T. McGeer, “Passive Dynamic Walking,” International Journal of Robotics Research, vol. 9, no. 2,
pp. 62-82, 1990.
[8] F. Iida & R. Tedrake, “Minimalistic Control of a Compass Gait Robot in Rough Terrain,” Au-
tonomous Robots Vol. 28 pp. 355-368, 2010.
[9] F. Iida & R. Tedrake, “Minimalistic Control of biped walking in rough terrain,” IEEE International
Conference on Robotics and Automation pp. 1985-1990, 2009.
[10] S. H. Collins, A. Ruina, “A Bipedal Walking Robot with Efficient and Human-Like Gait,” 1993
Proceedings of the IEEE International Conference on Robotics and Automation, pp.1983-1988, 2005.
[11] G. G. Muscolo and G. Cannata, “A Novel Tactile Sensor for Underwater Applications: Limits and
Perspectives,” in Oceans 2015 Genova, 2015.
[12] S.T. Chuang, M. Chandra, R. Chen, and C.-Y. Lo, “Capacitive tactile sensor with asymmetric
electrodes for angle-detection-error alleviation,” Sensors and Actuators A: Physical, vol. 250, pp.
159-169, 2016.
[13] S. C. B. Mannsfeld, B. C.-K. Tee, R. M. Stoltenberg, C. V. H.-H. Chen, S. Barman, B. V. O. Muir,
A. N. Sokolov, C. Reese, and Z. Bao, “Highly sensitive flexible pressure sensors with microstructured
rubber dielectric layers.,” Nature Materials, vol. 9, no. 10, pp. 859-864, 2010.
[14] A. Rana, J. P. Roberge, and V. Duchaine, “An Improved Soft Dielectric for a Highly Sensitive
Capacitive Tactile Sensor,” IEEE Sensors Journal, vol. 16, no. 22, pp. 7853-7863, 2016.
[15] E. Echeung and V. L. Lumelsky. Proximity Sensing in Robot Manipulation Motion Planning: Sys-
tems and Implementation Issues. IEEE Trans. Robot, Autom. 1989; 5(6) 740-751.
[16] C. Domenici and D. D. Rossi. A Stress-Component-Selective Tactile Sensor Array. Sens. Actuators.
1992; 31: 97-100.
[17] K. Weiss and H. Worn, “Tactile Sensor Systems for an Anthropomorphic Robotic Hand,” in Proc.
IEEE Int. Conf. Manipulation Grasping, pp. 1-6, Italy, 2004
[18] T. Mukai, M. Onishi, T. Odashima, S. Hirano, and Z. Luo, “Development of the Tactile Sensor
System of a Human-Interactive Robot RIMAN,” in Transactions on Robotics, vol. 24, no. 2, pp.
505-512, 2008.
[19] R. Howard, N. Mark, and H. Lee, “A Survey of Robot Tactile Sensing Technology,” International
Journal of Robotics Research, Vol. 8, Issue 3, 1989.
[20] H. R. Nicholls, “Advanced Tactile Sensing for Robotics,” Word Scientific in Robotics and Intelligent
Systems: Volume 5, ISBN: 978-981-02-0870-7, Dec., 1992. 373
[21] Y. Yogeswaran et al., “New Materials and Advances in Making Electronic Skin for Interactive
Robotics,” Advanced Robotics, Vol. 29, No. 21, pp. 1359-1373, 2015.
[22] K. tai et al., “State of the Art Robotic Grippers and Applications,” Robotics, Vol. 5, No. 11, 2016.
[23] J. Hughes et al., “Soft Manipulators and Grippers: A Review,” Frontiers in Robotics and AI, Vol.
3, 2016.
[24] V. C. Muller and M. Hoffmann, “What is Morphological Computation? On How the Body Con-
tributes to Cognition and Control,” Artificial Life, 2016
[25] R. Pfeifer and J. C. Bongard, “How the body shapes the way we think: A new view of intelligence,”
MIT Press, Cambridge, MA., 2006
[26] D. S. Chathuranga, V. A. Ho, and S. Hirai, “A Bio-mimetic Fingertip That Detects Force and
Vibration Modalities and its Application to Surface Identification,” 2012 IEEE International Con-
23
March 21, 2018 output
ference on Robotics and Biomimetics (ROBIO 2012), pp.575-581, 10.1109/ROBIO.2012.6491028,
Guangzhou, China, Dec. 11-14, 2012.
[27] R. Bajcsy, “Active Perception,” Proceedings of the IEEE Vol. 76, No. 8, pp.996-1005 1988
[28] M. Shimojo and M. Ishikawa, “An Active Touch Sensing Method Using Spatial Filtering Tactile
Sensor,” 1993 Proceedings of the IEEE International Conference on Robotics and Automation,
pp.948-954, 1993
[29] N. F. Lepora, U. M. Hernandez, T. J. Prescott, “Active touch for robust perception under position
uncertainty,” 2013 IEEE International Conference on Robotics & Automation, pp. 3020-3025, 2013.
[30] N. F. Lepora et al., “Tactile Superresolution and Biomimetic Hyperacuity,” IEEE Transctions on
Robotics, Vol. 31. No. 3. pp. 605-618, 2015.
[31] L. Cramphorn, B. W. Cherrier, N. F. Lepora, “Tactile manipulation with biomimetic active touch,”
2016 IEEE International Conference on Robotics & Automation, pp. 123-129, 2016.
[32] N. F. Lepora, “Biomimetic Active Touch with Fingertips and Whiskers,” IEEE Transactions on
Haptics, Vol. 9, No. 2, pp. 170-183, 2016.
[33] U. M. Hernandez, T. J. Dodd, M. H. Evans, T. J. Prescott, N. F. Lepora, “Active sensorimotor
control for tactile perception,” Robots and Autonomous Systems, Vol. 87, pp. 15-27, 2017.
[34] E. Brown, et al., “From the Cover: Universal Robotic Gripper Based on the Jamming of Granular
Material,” Proc. of the National Academy of Sciences of the USA 107(44), 18809-18814.
[35] Andrew A. Stanley and Allison M. Okamura, “Controllable Surface Haptics via Particle Jamming
and Pneumatics,” IEEE Transactions on Haptics, Vol. 8, Issue: 1, pp. 20-30, Jan.-March 2015.
[36] M. Li, et al., ‘Multi-fingered Haptic Palpation Utilizing Granular Jamming Stiffness Feedback Ac-
tuators,’ Smart Materials and Structures, Vol. 23, No. 9, 2014.
[37] U. Culha, U. Wani, S. G. Nurzaman, F. Clemens, and F. Iida, ”Motion Pattern Discrimination
for Soft Robots with Morphologically Flexible Sensors,” IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), Sept. 14-18, Chicago, IL, USA.
[38] R. S. Johansson and G. Wrestling, “Roles of Glabrous Skin Receptors and Sensorimotor Memory in
Automatic Control of Precision Grip when Lifting Rouger or more Slippery Objects,” Experimental
Brain Research, Vol. 56, pp. 550-564, 1984.
[39] J. M. Wolfe, K. R. Kluender, D. M. Levi, L. M. Bartoshuk, R. S. Herz, R. L. Klatzky, and S. J.
Lederman, “Sensation and Perception,” Sunderland, MA, 2006.
[40] J. Scheibert, S. Leurent, A. Prevost, and G. Debregeas, “The Role of Fingerprints in the Coding of
Tactile Information Probed with a Biomimetic Sensor,” Science, vol. 323, pp. 1503-1506, 2009.
[41] J. Yin, G. J. Gerling, X. Chen, “Mechanical Modeling of a Wrinkled Fingertip Immersed in Water,”
Acta Materialia, 6(2010), pp. 1487-1496.
[42] M. Changizi, R. Weber, R. Kotecha, and J. Palazzo, “Are Wet-Induced Wrinkled Fingers Primate
Rain Treads?,” Brain Behav. Evol., vol. 77, pp. 286-290, 2011.
[43] T. M. Vasudevan, A. M. Van Rij, H. Nukada, and P. K. Taylor PK, ”Skin Wrinkling for the
Assessment of Sympathetic Function in the Limbs,” Australia and New Zealand Journal of Surgery,
Vol. 70, pp. 57-59, 2000.
[44] K. Kareklas, D. Nettle, and T. V. Smulders, “Water-Induced Finger Wrinkles Improve Handling of
Wet Objects,” Biol. Letter, Vol. 9:20120999, 2012.
[45] H. T. Lin, T. F. Hong, and W. L. Li, “Grip Performance Affected by Water-Inducted Wrinkling,”
Tribol. Lett., 58:38 DOI 10.1007/s11249-015-0515-4.
[46] V. A. Ho, H. Yamashita, K. Shibuya, Z. Wang, S. Hirai, J. Nagase, and K. Tsutsumi, “Function-
Selectable Tactile Sensing System with Morphological Change,” in 2016 IEEE/SICE International
Symposium on System Integration, Proceedings of the, 2016, pp. 415-420.
[47] V. A. Ho, H. Yamashita, Z. Wang, K. Shibuya, and S. Hirai, “Morphological Computation in Tactile
Sensing: Role of Wrinkle,” in 2017 IEEE International Conference on Robotics and Automation,
2017.
[48] V. A. Ho, “Wrin’Tac: Tactile Sensing System With Wrinkle’s Morphological Change,” IEEE
TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 13, NO. 5, 2017
[49] D. B. Leitch and K. C. Catania, “Sturcture, Innervation and Response Properties of Integumentary
Sensory Organs in Crocodilians,” The Journal of Experimental Biology, Vol. 215, pp. 4217-4230,
2012.
[50] P. Brazaitis, “Identification of Crocodilian Skins and Products,” In Wildlife Management:
Crocodiles and Alligators (ed. G. J. Webb, S. C. Manolis and P. J. Whitehead), pp. 373-86. Chipping
Norton, NSW: Surrey Beatty & Sons, 1987.
24
March 21, 2018 output
[51] M. von During, “The Tltrastructure of the Cutaneous Receptors in the Skin of Caiman Crocodilus,”
Abhandlungen Rhein. Westfal. Akad. 53, 123-134.
[52] S. Fischer, “Croc Jaws More Sensitive Than Human Fingertips,” NationalGeographic.com. National
Geographic Society, 8 Nov. 2012. Web. 23 Mar. 2013.
[53] G. A. Lambert, G. Mallos, and A. S. Zagami, “Von Frey’s Hairs- a Review of Their Technology
and Use- a Novel Automated von Frey Device for Impreoced Testing for Hyperalgesia,” Journal of
Neuroscience Methods, Vol. 177(2), pp. 420-426, March 2009.
[54] A. B. Vallbo and R. S. Johansson, “Properties of Cuntaneous Mechanoreceptors in the Human
Hand Related to Touch Sensation,” Human Neurobiology, Vol. 3, pp.3-14, 1984
[55] K. Jackson and D. R. Brooks, “Do Crocodiles Co-opt their Sense of Touch to Taste? A Possible
New Type of Vertebrate Sensory Organ,” Amphib.-reptil., Vol. 28, pp. 277- 285, 2009.
[56] R. Reep and D. K. Sarko, “Tactile Hair in Manatees,” Scholarpedia, 4(4):6831
doi:10.4249/scholarpedia.6831.
[57] R. L. Reep, C. D. Marshall, M. L. Stoll, and D. M. Whitaker, , ”Distribution and Innervation of
Facial Bristles and Hairs in the Florida Manatee (Trichechus manatus latirostris),” Marine Mamm.
Sci., Vol. 14, pp. 257-273, 1998.
[58] D. K. Sarko, F. L. Rice, R. L. Reep, and J. E. Mazurkiewicz, ”Adaptations in the Structure and
Innervation of Follicle-sinus Complexes to an Aquatic Environment as Seen in the Florida manatee
(Trichechus manatus latirostris),” J. Comp. Neurol., Vol. 504, pp. 217-237, 2007
[59] C. D. Marshall, G. D. Huth, V. M. Edmonds, D. L. Halin, and R. L. Reep, “Prehensile Use of Perioral
Bristles during Feeding and Associated Behaviors of the Florida manatee (Trichechus manatus
latirostris),” Marine Mamm. Sci., Vol. 14, pp. 274-289, 1998.
[60] K. C. Catania, “A Comparison of the Eimers Organs of Three North American moles: the Hairy-
Tailed Mole (Parascalops breweri), the Star-Nosed Mole (Condylura cristata), and the Eastern Mole
(Scalopus aquaticus),” J. Comp. Neurol., Vol. 354, pp:150-160, 1995
[61] K. A. Gerhold, M. Pellegrino, M. Tsunozaki, T. Morita, D. B. Leitch, P. R. Tsuruda, “The Star-
Nosed Mole Reveals Clues to the Molecular Basis of Mammalian Touch,” PLoS ONE 8(1):e55001.
doi:10.1371/journal.pone.0055001.
[62] H. Ogawa, K. Morimoto, and Y. Yamashita, “Physiological Characteristics of Low Threshold
Mechanoreceptor Afferent Units Innervating Frog Skin,” Q. J. Exp. Physiol., Vol. 66, pp.105-116,
1981
[63] H. Ogawa, K. Morimoto, and Y. Yamashita, “Functional Properties of Nerve Fibers Innervating
Cutaneous Corpuscles within Cephalic Skin of the Texas Rat Snake,” Experimental Neurology, Vol.
56, Issue 1, pp. 6377, 1977
[64] J. J. Clark, “A Magnetic Field Based Compliance Matching Sensor for High Resolution, High
Compliance Tactile Sensing,” Proceedings of the IEEE International Conference on Robotics and
Automation, 1988, pp. 772-777, 1988.
[65] L. Jamone, L. Natale, G. Metta, and G. Sandini, “Highly Sensitive Soft Tactile Sensors for an
Anthropomorphic Robotic Hand,” IEEE Sensors Journal, vol. 15, no. 8, pp. 4226-4233, 2015.
[66] L. Jamone, G. Metta, F. Nori, and G. Sandini, “James: A Humanoid Robot Acting over an Un-
structured World,” in 2006 6th IEEE-RAS International Conference on Humanoid Robots, 2006,
pp. 143-150.
[67] C. Ledermann, S. Wirges, D. Oertel, M. Mende, and H. Woern, “Tactile Sensor on a Magnetic Basis
using novel 3D Hall sensor - First prototypes and results,” in INES 2013 - IEEE 17th International
Conference on Intelligent Engineering Systems, Proceedings, 2013, pp. 55-60.
[68] D. S. Chathuranga, Z. Wang, Y. Noh, T. Nanayakkara, and S. Hirai, “Magnetic and Mechanical
Modeling of a Soft Three-Axis Force Sensor,” IEEE Sensors Journal, vol. 16, no. 13, pp. 5298-5307,
2016.
[69] A. Carreon, A. Baltazar, and J. Kim, “Determination of Contact Evolution on a Soft Hemispherical
Probe Using Ultrasound,” IEEE Sensors Journal, vol. 15, no. 9, pp. 5303-5311, 2015.
[70] D. Vogt, Y. L. Park, and R. J. Wood, “A Soft Multi-Axis Force Sensor,” in SENSORS, 2012 IEEE,
2012.
[71] N. Wettels, A. R. Parnandi, and J. Moon, “Grip Control Using Biomimetic Tactile Sensing Sys-
tems,” IEEE/ASME Transactions on Mechatronics, vol. 14, no. 6, pp. 718-723, 2009.
[72] N. Wettels, D. Popovic, V. J. Santos, R. S. Johansson, and G. E. Loeb, “Biomimetic Tactile Sensor
for Control of Grip,” in Proceedings of the 2007 IEEE 10th International Conference on Rehabili-
tation Robotics, 2007, pp. 923-932.
25
March 21, 2018 output
[73] A. Naidu, R. Patel, and M. Naish, “Low-Cost Disposable Tactile Sensors for Palpation in Minimally
Invasive Surgery,” IEEE/ASME Transactions on Mechatronics, vol. PP, no. 99, pp. 127-137, 2016.
[74] J. Missinne, E. Bosman, B. Van Hoe, G. Van Steenberge, S. Kalathimekkad, P. Van Daele, and J.
Van, “Flexible Shear Sensor Based on Embedded Optoelectronic Components,” IEEE PHOTONICS
TECHNOLOGY LETTERS, vol. 23, no. 12, pp. 771-773, 2011.
[75] J. Back, P. Dasgupta, L. Seneviratne, K. Althoefer, and H. Liu, Feasibility study- Novel Optical
Soft Tactile Array Sensing for Minimally Invasive Surgery, in IEEE International Conference on
Intelligent Robots and Systems, 2015, pp. 15281533.
[76] B. Li, Y. Shi, H. Hu, A. Fontecchio, and Y. Visell, “Assemblies of Microfluidic Channels and
Micropillars Facilitate Sensitive and Compliant Tactile Sensing,” IEEE Sensors Journal, vol. 16,
no. 24, pp. 8908-8915, 2016.
[77] S. Peleshanko, M. D. Julian, M. Ornatska, M. E. McConney, M. C. LeMieux, N. Chen, C. Tucker,
Y. Yang, C. Liu, J. A. C. Humphrey, and V. V. Tsukruk, “Hydrogel-Encapsulated Microfabricated
Haircells Mimicking Fish Cupula Neuromast,” Advanced Materials, vol. 19, no. 19, pp. 2903-2909,
2007.
[78] D. M. Vogt, Y.-L. Park, and R. J. Wood, “Design and Characterization of a Soft Multi-Axis Force
Sensor Using Embedded Microfluidic Channels,” IEEE Sensors Journal, vol. 13, no. 10, pp. 4056-
4064, 2013.
[79] C. Chorley, C. Melhuish, T. Pipe, and J. Rossiter, “Development of a Tactile Sensor Based on
Biologically Inspired Edge Encoding,” in Advanced Robotics, 2009. ICAR 2009, International Con-
ference on, 2009.
[80] B. Winstone, G. Griffiths, T. Pipe, C. Melhuish, and J. Rossiter, “TACTIP - Tactile fingertip
device, texture analysis through optical tracking of skin features,” in Proceedings of the Second
international conference on Biomimetic and Biohybrid Systems, 2013.
[81] S. Youssefian, N. Rahbar, and E. Torres-Jara, “Contact Behavior of Soft Spherical Tactile Sensors,”
Sensors Journal, IEEE, vol. 14, no. 5, pp. 1435-1442, 2014.
[82] H. Liu, K. C. Nguyen, V. Perdereau, J. Bimbo, J. Back, M. Godden, L. D. Seneviratne, and K. Al-
thoefer, “Finger contact sensing and the application in dexterous hand manipulation,” Autonomous
Robots, vol. 39, no. 1, pp. 2541, 2015.
[83] A. Alfadhel, M. A. Khan, S. C. De Freitas, J. Kosel, and S. Member, “Magnetic Tactile Sensor for
Braille Reading,” IEEE Sensors Journal, vol. 16, no. 24, pp. 8700-8705, 2016.
[84] S. Shirafuji and K. Hosoda, “Detection and prevention of slip using sensors with different properties
embedded in elastic artificial skin on the basis of previous experience,” Robotics and Autonomous
Systems, vol. 62, no. 1, pp. 46-52, 2014.
[85] Y. Tada and K. Hosoda, “Acquisition of Multi-Modal Expression of Slip through Pick-Up Experi-
ences,” in 2006 IEEE/RSJ International Conference on Intelligent Robots and Systems, 2006, pp.
5810-5815.
[86] Y. Tada, K. Hosoda, and M. Asada, “Learn to grasp utilizing anthropomorphic fingertips together
with a vision sensor,” in 2005 IEEE/RSJ INTERNATIONAL CONFERENCE ON INTELLIGENT
ROBOTS AND SYSTEMS, 2005, pp. 486-491.
[87] S. Takamuku, A. Fukuda, and K. Hosoda, “Repetitive grasping with anthropomorphic skin-covered
hand enables robust haptic recognition,” in 2008 IEEE/RSJ International Conference on Intelligent
Robots and Systems, 2008, pp. 3212-3217.
[88] E. Kanhere, N. Wang, A. Giri, P. Kottapalli, M. Asadnia, V. Subramaniam, J. Miao, and M. Tri-
antafyllou, “Crocodile-inspired dome-shaped pressure receptors for passive hydrodynamic sensing,”
Bioinspiration and Biomimetics, vol. 11, 2016.
[89] S. G. Nurzaman, U. Culha, L. Brodbeck, L. Wang, and F. Iida, “Active Sensing System with In
Situ Adjustable Sensor Morphology,” PLOS ONE, vol. 8, no. 12, 2013.
[90] M. Bonilla, E. Farnioli, C. Piazza, M. Catalano, G. Grioli, M. Garabini, M. Gabiccini, and A. Bicchi,
“Grasping with Soft Hands,” in 2014 IEEE-RAS International Conference on Humanoid Robots,
2014, pp. 581-587.
[91] D. Rus and M. T. Tolley, “Design, fabrication and control of soft robots,” Nature, vol. 521, pp.
467-475, 2015.
[92] C. Laschi and B. Mazzolai, “Lessons from Animals and Plants,” IEEE Robotics and Automation
Magazine, no. September, pp. 107-114, 2016.
[93] E. Brown et al., “Universal robotic gripper based on the jamming of granular material,” Proceedings
of the National Academy of Sciences of the United States of America, Vol. 107, No. 44, pp. 18809-
26
March 21, 2018 output
18814, 2010.
[94] Schmidt I. “Flexible molding jaws for grippers.” Industrial Robot, vol. 5, no. 1, pp.2426, 1978.
[95] Perovskii A.P., “Universal grippers for industrial robots”. Russian Engineering Journal. vol.60, no.
8, pp. 34, 1980.
[96] Rienmller, T., Weissmantel, H. “A shape adaptive gripper finger for robots.” Proc. 18th Inter-
national Symposium on Industrial Robots, Lausanne, Switzerland, April 26-28 1988, pp 241250,
1988.
[97] P. V. Alvarado, V. Subramaniam and M. Triantafyllou, ”Performance analysis and characteriza-
tion of bio-inspired whisker sensors for underwater applications,” 2013 IEEE/RSJ International
Conference on Intelligent Robots and Systems, Tokyo, 2013, pp. 5956-5961.
[98] S. A. Abad, N. Sornkarn, and T. Nanayakkara, “The role of morphological computation of the
goat hoof in slip reduction,” 2016 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS), pp. 55995605, 2016.
[99] F. Marques, P. Flores, J. C. Pimenta Claro, and H. M. Lankarani, A survey and comparison of
several friction force models for dynamic analysis of multibody mechanical systems, Nonlinear
Dynamics, vol. 86, no. 3, pp. 14071443, 2016.
[100] L. Wang et al., “Controllable and reversible tuning of material rigidity for robot applications,” in
Materials Today, 2017. [In press].
[101] L. Wang, S. G. Nurzaman and F. Iida, Soft-Material Robotics. Foundations and Trends in Robotics,
vol. 5, no. 3, pp191-259, 2014.
[102] A. Stilli, H. A. Wurdemann, and K. Althoefer, “Shrinkable, stiffness-controllable soft manipulator
based on a bio-inspired antagonistic actuation principle,” in 2014 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems (IROS 2014), 2014, pp. 2476-2481.
[103] M. Mahvash and P. E. Dupont, “Stiffness control of surgical continuum manipulators,” IEEE Trans-
actions on Robotics, vol. 27, no. 2, pp. 334-345, 2011.
[104] Y. J. Kim, S. Cheng, S. Kim, and K. Iagnemma, “A Novel Layer Jamming MechanismWith Tunable
Stiffness Capability for Minimally Invasive Surgery,” IEEE Transactions on Robotics, vol. 29, no.
4, pp. 1031-1042, 2013.
[105] Y. Kim, S. Cheng, S. Kim, and K. Iagnemma, “Design of a Tubular Snake-like Manipulator with
Stiffening Capability by Layer Jamming,” in 2012 IEEE RSJ International Conference on Intelligent
Robots and Systems, 2012, pp. 4251-4256.
[106] J. L. C. Santiago, I. S. Godage, P. Gonthina, and I. D. Walker, “Soft Robots and Kangaroo
Tails: Modulating Compliance in Continuum Structures Through Mechanical Layer Jamming,”
Soft Robotics, vol. 3, no. 2, pp. 54-63, 2016.
[107] H. S. M. Sadati, Y. Noh, S. E. Naghibi, K. Althoefer, and T. Nanayakkara, “Stiffness Control of
Soft Robotic Manipulator for Minimally Invasive Surgery (MIS) Using Scale Jamming,” in INTEL-
LIGENT ROBOTICS AND APPLICATIONS (ICIRA 2015), PT III (Lecture Notes in Artificial
Intelligence), 2015, pp. 141-151.
[108] S. Zuo, K. Iijima, T. Tokumiya, and K. Masamune, “Variable stiffness outer sheath with ‘Dragon
skin’ structure and negative pneumatic shape-locking mechanism,”International Journal of Com-
puter Assisted Radiology and Surgery, vol. 9, no. 5, pp. 857865, 2014.
[109] N. Sornkarn, P. Dasgupta, and T. Nanayakkara, “Morphological Computation of Haptic Perception
of a Controllable Stiffness Probe,” PLOS ONE, vol. 11, no. 6, pp. 1-21, 2016.
[110] N. Sornkarn and T. Nanayakkara, “The Efficacy of Interaction Behavior and Internal Stiffness Con-
trol for Embodied Information Gain in Haptic Perception,” in 2016 IEEE International Conference
on Robotics and Automation (ICRA), 2016, pp. 2657-2662.
[111] N. Sornkarn and T. Nanayakkara, “Can a soft robotic probe use stiffness control like a human finger
to improve efficacy of haptic perception?,” IEEE Transactions on Haptics, vol. PP, no. 99, 2016.
[112] C. Eppner, R. Deimel, J. Alvarez-Ruiz, M. Maertens, and O. Brock, “Exploitation of environmental
constraints in human and robotic grasping,” International Journal of Robotics research, vol. 34, no.
7, pp. 1021-1038, 2015.
[113] J. E. Bernth, A. Arezzo, and H. Liu, “A Novel Robotic Meshworm with Segment-Bending Anchoring
for Colonoscopy,” IEEE Robotics and Automation Letters, vol. PP, no. 99, 2017.
[114] M. Fend, R. Abt, M. Diefenbacher, S. Bovet, and M. Krafft, “Morphology and Learning - A Case
Study on Whiskers,” in 8th International Conference on Simulation of Adaptive Behavior (SAB
2004), 2004, pp. 114-122.
[115] M. Fend, S. Bovet, and R. Pfeifer, “On the influence of morphology of tactile sensors for behavior
27
March 21, 2018 output
and control,” Robotics and Autonomous Systems, vol. 54, no. 8, pp. 686-695, 2006.
[116] A. M. Okamura, “Haptic Feedback in Robot-Assisted Minimally Invasive Surgery,” Curr Opin Urol
[Internal], NIH Public Access, 19(1), 2009.
[117] G. De Gersem, H. Van Bressel, and F. Tendick, “Reliable and Enhanced Stiffness Perception in
Soft-tissue Telemanipulation,” The International Journal of Robotics Research, Vol. 24, No. 10, pp.
805-822, Oct., 2005.
[118] A. A. Stanley and A. M. Okamura, “Controllable Surface Haptics via Particle Jamming and Pneu-
matics,” IEEE Trans. Haptics, Vol. 8, No. 1, pp. 20-30, 2015.
[119] A. A. Stanley and A. M. Okamura, “Deformable Model-based Methods for Shape Control of a
Haptic Jamming Surface,” IEEE Trans. on Visulaization and Computer Graphics, Vol. 23, No. 2,
pp. 1029-1041, 2017.
[120] S. Follmer, D. Leithinger, A. Olwal, N. Cheng, and H. Ishii, ”Jamming User Interfaces: Pro-
grammable Particle Stiffness and Sensing for Malleable and Shape-Changing Devices,” in Proc.
of the 25th Annual ACM Symposium on User Interface Software and Technology, 2012.
[121] M. Manti, V. Cacucciolo, M. Cianchetti, “Stiffening in Soft Robotics: A Review of the State of the
Art,” IEEE Robotics and Automation Magazine, Vol. 23, Issue:3, Sept. 2016.
[122] Y. Kim, I. Oakley, J. Ryu, “Design and Psychophysical Evaluation of Pneumatic Tactile Display,”
SICE-ICASE International Joint Conference, 2016. doi:10.1109/SICE.2006.315347
[123] C. H. King, M. O. Culjat, M. L. France, J. W. Bisley, E. Dutson, and W. S. Grundfest, “Optimization
of a Pneumatic Balloon Tactile Display for Robot-Assisted Surgery Based on Human Perception,”
IEEE Trans. Biomedical Engineering, Vol. 55, No. 11, pp. 2593-2600, 2008.
[124] G. Moy, C. Wagner, R.S. Fearing, “A Compliant Tactile Display for Teleactuation,” Proceedings of
the 2000 IEEE International Conference on Robotics and Automation, pp. 3409-3415, 2000.
[125] Q. Wang and V. Hayward, “Compact, Portable, Modular, High-Performance, Distributed Tactile
Transducer Device Based on Lateral Skin Deformation,” Proc. of the Symposium on Haptic Interface
for Virtual Environment and Teleoperator Systems, pp. 67-72, 2006
[126] C. Pacchierotti, A. Tirmizi, and D. Prattichizzo “Improving Transparency in Teleoperation by
Means of Cutaneous Tactile Force Feedback,” Applied Perception, Vol. 11, No. 1, Article 4, April
2014.
[127] H. Hauser, A. Ijspeert, R. Fchslin, R. Pfeifer, and W. Maass, “Towards a theoretical foundation for
morphological computation with compliant bodies,” Biological Cybernetics, vol. 105, pp. 355-370,
2011.
[128] K. Nakajima, T. Li, H. Hauser, and R. Pfeifer, Exploiting short-term memory in soft body dynamics
as a computational resource, Journal of The Royal Society Interface, vol. 11, no. 100, p. 20140437,
2014.
[129] F. J. Galindo-Rosales, “Complex Fluids in Energy Dissipating Systems,” Applied Science, vol. 6,
no. 206, 2016.
[130] N. J. Balmforth, I. A. Frigaard, and G. Ovarlez, “Yielding to Stress: Recent Developments in
Viscoplastic Fluid Mechanics,” Annual Review of Fluid Mechanics, vol. 46, no. 1, pp. 121146, 2014.
[131] M. L. Hammock, A. Chortos, B. C. K. Tee, J. B. H. Tok, and Z. Bao, “25th anniversary article: The
evolution of electronic skin (E-Skin): A brief history, design considerations, and recent progress,”
Advanced Materials, vol. 25, no. 42, pp. 59976038, 2013.
[132] T. Yang, D. Xie, Z. Li, and H. Zhu, “Recent advances in wearable tactile sensors: Materials, sensing
mechanisms, and device performance,” Materials Science and Engineering: R: Reports, vol. 115,
pp. 137, 2017.
[133] F. El-Diasty, H. M. El-Sayed, F. I. El-Hosiny, and M. I. M. Ismail, “Complex susceptibility analysis
of magneto-fluids: Optical band gap and surface studies on the nanomagnetite-based particles,”
Current Opinion in Solid State and Materials Science, vol. 13, no. 12, pp. 2834, 2009.
[134] N. T. Nguyen, “Micro-magnetofluidics: Interactions between magnetism and fluid flow on the mi-
croscale,” Microfluidics and Nanofluidics, vol. 12, no. 14, pp. 116, 2012.
[135] K. Zahedi and N. Ay, “Quantifying morphological computation,” Entropy, vol. 15, no. 5, pp.
18871915, 2013.
28
